Abstract: Series of 4H-3,1-benzoxazin-4-ones and 3H-quinazolin-4-ones with phenoxymethyl substituents were rationally designed and easily synthesized via one-pot N-acylation/ring closure reactions of anthranilic acids with 2-phenoxyacetyl chlorides to yield the 4H-3,1-benzoxazin-4-ones, and subsequently substituted with amino derivatives to obtain the 3H-quinazolin-4-ones. The herbicidal evaluation was performed on the model plants barnyard grass (a monocotyledon) and rape (a dicotyledon), and most of the title compounds displayed high levels of phytotoxicity. The active substructure and inhibitory phenotype analysis indicated that these compounds could be attributed to the class of plant hormone inhibitors. A docking study of several representative compounds with the hormone receptor TIR1 revealed an appreciable conformational match in the active site, implicating these compounds are potential lead hits targeting this receptor.
Introduction
Benzoxazinones are an important class of heterocyclic compounds with diverse biological properties that have been widely explored and applied in pharmaceutical and agricultural chemicals.
OPEN ACCESS
Among benzoxazinones, 4H-1,4-benzoxazin-3-one is one of the naturally occurring secondary metabolites of indole [1] and its derivatives have been extensively used for herbicide development [2] and several commercial herbicides such as flumioxazin and thidiazimin contain the core 4H-1,4-benzoxazin-3-one structure [3] . Another two subclasses of benzoxazinone derivatives with the 4H-3,1-benzoxazin-4-one and 4H-1,3-benzoxazin-4-one core structures are also of natural origin and show various promising activities [4] . For example, 4H-3,1-benzoxazin-4-ones have been demonstrated to be potent inhibitors of human neutrophil elastase [5] ; whereas 4H-1,3-benzoxazin-4-ones are potent inhibitors of the acetyl coenzyme A carboxylases (ACCase) of humans, fungi, and plants [6] . The mentioned subclasses of benzoxazinones can be viewed as the bioisosteric forms of one another. More attractive to us is the fact that one 4H-3,1-benzoxazin-4-one derivative, namely the 1,1-dimethylethyl ester of α-[(5-methyl-4-oxo-4H-3,1-benzoxazin-2-yl)amino]benzeneacetic acid, was identified by screening 500,000 compounds as a potent inhibitor of a new herbicidal target, carboxy terminal processing protease of D1 protein [7] .
Synthesis of new benzoxazinones with diverse substituents is a promising practice when searching for potent herbicides, especially based on the core structures of natural metabolites. One important methodology in expanding the molecular structural diversity is the principle of active substructure combination [8] , and identification of active substructures is the key step in this purpose. Substituted phenoxyalkyl groups exist in many commercial herbicides and can be envisaged as the key substructure in herbicides ranging from the ACCase inhibitors (aryloxyphenoxypropionates) to the synthetic auxin herbicides (phenoxycarboxylic acids, for example, 2,4-D and 2,4-DB in this case) [9] . Combination of the active 4H-3,1-benzoxazin-4-one and substituted phenoxyalkyl fragment substructures is expected to produce novel compounds with desirable bioactivity.
The present work takes advantage of these active substructures and designs a series of novel 2-phenoxymethyl-4H-3,1-benzoxazin-4-ones according to the principle of active substructure combination as shown in Scheme 1. The facile synthesis of a series of 2-phenoxymethyl-4H-3,1-benzoxazin-4-ones is established. Thanks to the transformable character of the 4H-3,1-benzoxazin-4-one core structure, part of synthesized 4H-3,1-benzoxazin-4-ones is converted to afford 2-phenoxymethyl-3H-quinazolin-4-ones. The structures of all the new compounds were confirmed by 1 H-NMR, 13 C-NMR, and MS, and their phytotoxicities evaluated on the model plants including a monocotyledon (barnyard grass) and a dicotyledon (rape). The inhibitory phenotype indicates most of the title compounds can be attributed to the class of hormone type inhibitors. A docking study was performed by docking several representative compounds into the active site of the plant hormone receptor TIR1. The results from the inhibitory phenotype and docking study suggest the synthesized compounds might target the TIR1 receptor.
Results and Discussion

Chemistry
4H-3,1-Benzoxazin-4-ones are generally synthesized from the starting materials methyl anthranilate and acyl chlorides, as shown in Scheme 2. After formation of the amide linkage, the methyl ester group is hydrolyzed to release the carboxyl group, and then a condensing agent is used to form the fused 4H-3,1-benzoxazin-4-one ring [10, 11] . Scheme 1. Active substructure analysis and combination for designing the title compounds.
Scheme 2.
General method for the synthesis of 4H-3,1-benzoxazin-4-ones.
We have tried this method according to the literature; unfortunately, the reactions generally gave low yields of the desired products. Since the hydrolysis of the methyl ester group requires catalysis by 6 M HCl, concomitant hydrolysis of the amide linkage is unavoidable in the second step. Another adverse factor is the use of concentrated sulfuric acid or pyridine to promote the cyclization reaction in the third step, which again makes the breakage of the amide linkage possible. All the mentioned reaction conditions tend to result in the low yields of the products in the three-step synthesis.
In the above synthesis, the reactant methyl anthranilate actually was obtained by esterification of anthranilic acid with methanol; whereas the deprotection of the ester methyl group in the second step is unfavorable for the synthesis. Since a slight reactivity difference exists between the two functional groups carboxylate and amino on the benzene ring in the presence of a base towards acyl chloride, screening for a suitable base in the synthesis without the use of protection and deprotection procedures is possible. Thus, various organic and inorganic bases were tried for this purpose, and fortunately, potassium carbonate was found to be the most favorable base for the synthesis. Without the protection and deprotection procedures for the carboxylic acid group, the cheaply available anthranilic acid can be used directly. More importantly, the N-acylation of anthranilic acid with 2-phenoxyacetyl chloride and the subsequent ring closure reaction were found to be accomplished in a single procedure in dichloromethane under the presence of potassium carbonate by stirring at room temperature for no more than 2 hours. After column chromatography on silica gel using petroleum ether/ethyl acetate in the volumetric ratio of 9:1 as the eluent, pure 2-phenoxy-4H-3,1-benzoxazin-4-ones were obtained. Thus a convenient and facile one-pot synthesis of various 2-phenoxy-4H-3,1-benzoxazin-4-ones by reacting anthranilic acids with 2-phenoxyacetyl chlorides was established (Scheme 3). Scheme 3. Synthesis of 2-phenoxy-4H-3,1-benzoxazin-4-ones (3a-w) and 2-phenoxy-3H-quinazolin-4-ones (4a-s). The 2-phenoxy-4H-3,1-benzoxazin-4-ones can be converted to the corresponding 2-phenoxy-3H-quinazolin-4-ones by reacting with various amines via the reported procedure [12] . In this work, hydrazine and methylamine were used. The reaction was accomplished in refluxing ethanol for 3 hours, and generally after cooling to room temperature, the desired product spontaneously precipitated from the reaction mixture in high purity. The syntheses of 2-phenoxy-4H-3,1-benzoxazin-4-ones and 2-phenoxy-3H-quinazolin-4-ones are outlined in Scheme 3. Thus, 23 2-phenoxy-4H-3,1-benzoxazin-4-one compounds and 19 2-phenoxy-3H-quinazolin-4-ones compounds were obtained.
A plausible imechanism for the one-pot synthesis of 2-phenoxy-4H-3,1-benzoxazin-4-ones from the reaction of anthranilic acids with 2-phenoxyacetyl chlorides in the presence of potassium carbonate is illustrated in Scheme 4. First, anthranilic acid is converted to potassium anthranilate in the presence of the base; with the addition of 2-phenoxyacetyl chloride, the amino group of potassium anthranilate is acylated and potassium N-phenoxyacetylanthranilate generated, losing one equivalent of HCl. Through the proton transfer and the resonance of N-C and C-O bonds in the amido group, an iminoxy anion is produced, which in turn attacks the carboxyl group and one molecule of H 2 O is lost, leading to the occurrence of the desired cyclization for the final 2-phenoxy-4H-3,1-benzoxazin-4-one product. This process is distinct from the reported one [11] , which consists of the stepwise N-acylation, deesterification, and base-promoted cyclization.
The conversion of 2-phenoxy-4H-3,1-benzoxazin-4-ones to 2-phenoxy-3H-quinazolin-4-ones is a conventional process using hydrazine or alkylamine, in which a combined nucleophilic addition/ring opening and ring-closing/elimination process should be involved. can be assigned to the absorption bands of the out-ring amino group. These NMR and IR signals cannot be found in the corresponding spectra of the starting material 2-phenoxy-4H-3,1-benzoxazin-4-one (3p). A similar phenomenon happens when 2-phenoxy-4H-3,1-benzoxazin-4-ones react with methylamine.
Scheme 4.
Proposed mechanism for the one-pot synthesis of 2-phenoxy-4H-3,1-benzoxazin-4-ones.
The structures of all the synthesized 2-phenoxy-4H-3,1-benzoxazin-4-ones and 2-phenoxy-3H-quinazolin-4-ones have been confirmed by 1 H-NMR, 13 C-NMR, IR and MS, and all the data can be found in the Experimental section.
Herbicidal Activity and Inhibition Phenotype
The synthesized compounds were tested for the herbicidal activity on model plants including a monocotyledon (barnyard grass) and a dicotyledon (rape) by the reported Petri dish culture method [13] . The percent inhibitory ratios against the growth of root and stalk of barnyard grass and rape at different dosage concentrations were calculated, and the compounds with appreciable inhibitory potencies are selected and shown in Tables 1-2. Several features of the inhibitory activities can be derived. First, all the compounds have stronger inhibition against the growth of the dicotyledon rape than against the monocotyledon barnyard grass, showing appreciable selectivity. Second, 2-phenoxy-4H-3,1-benzoxazin-4-ones have generally higher activities than 2-phenoxy-3H-quinazolin-4-ones; Third, within the group of 2-phenoxy-4H-3,1-benzoxazin-4-ones, several compounds, including 3m, 3o and 3p have much higher herbicidal activities, comparable to the commercial herbicidal 2,4-D. Among the title compounds, 2-phenoxy-4H-3,1-benzoxazin-4-ones 3 have good to excellent herbicidal activities against the root growth of rape, even at a concentration down to subnanomolar levels for 3m, 3o and 3p. However, 2-phenoxy-3H-quinazolin-4-ones 4 generally show comparatively lower activities. The herbicidal activities of these new compounds vary with the type and position of substituents on both the aromatic rings of benzoxazinone and phenoxymethyl group. Generally, electron-withdrawing substituents, such as chloro and fluoro, can give rise to a high activity; whereas electron-releasing groups, such as methoxy or methyl on the ring, obviously decrease the activity. For example, benzoxazinones with the dichloro substitution (3m to 3q) are found to possess the high herbicidal activities. On the other hand, monochloro substitution (3g to 3l) decreases the activity notably, and monofluoro substitution (3r to 3w) decreases the activity even further. The lowest activity can be found for the compounds with no substituent on the phenoxymethyl group (3a to 3f). The octanol-water partition coefficient logP values were calculated, and most of the values are found to be in the region of 3-4 for 2-phenoxy-4H-3,1-benzoxazin-4-ones 3 and 2-phenoxy-3H-quinazolin-4-ones 4. For this reason, there is no distinct difference in the herbicidal activities.
Several representative compounds selected from the 2-phenoxy-4H-3,1-benzoxazin-4-one and 2-phenoxy-3H-quinazolin-4-one groups were tested their concentration dependant activities and the half maximal inhibitory concentrations (IC 50 values) are shown in Table 3 . Obviously, the 2-phenoxy-4H-3,1-benzoxazin-4-ones 3m and 3o have IC 50 values near to that of the commercial herbicidal 2,4-D. More importantly, these molecules consist of 2-phenoxymethyl group with halo substituents both at the 2-and 4-positions of the benzene ring, a similar pattern to the commercial hormone herbicides 2,4-D, clomeprop, and 2,4-DB, as well as the ACCase herbicide diclofop-methyl. This result implicates the halo groups at both 2-and 4-positions on the benzene ring plus the benzene ring itself offer another powerful active substructure in the highly active compounds. Moreover, if no halo group exists on the benzene ring, the activity will decrease dramatically. On the other hand, the substructure 4H-3,1-benzoxazin-4-one in this work and the carboxylic group in the commercial phenoxyethanoic and phenoxypropionic acid herbicides play also a crucial role in the contribution to the activities of the compounds, meaning they are active substructures. A control experiment has been conducted by using 2,4-dichlorophenyl ethyl ether, a compound without the 4H-3,1-benzoxazin-4-one substructure mentioned here, which loses nearly all of its herbicidal activity.
Besides the features of the active 4H-3,1-benzoxazin-4-one and 2,4-dichloro phenoxyalkyl group substructures in the synthesized compounds, another distinct one is that almost all of them showed a inhibition phenotype similar to that of the hormone type herbicide 2,4-D. This type of inhibition is characterized by the abnormal growth of the deformed shoots, a breakdown of chlorophyll, and the disruption of the root elongation, while this abnormal growth leads to the death of the plant. The inhibition phenotype of the typical compound 3o against the growth of dicotyledon rape was exemplarily photographed and shown in Figure 1 (the first four specimens). The controls obtained from the inhibition by 2,4-D (the second four specimen in Figure 1 ) and blank (the last specimen in Figure 1 ) are also shown for comparison. , and the control (the last specimen), respectively. Photographs were taken after 7 days treatment.
Obviously, both the compound 3o and 2,4-D show a similar inhibition phenotype, i.e., dwarf stalks, leaf chlorosis and disruption of the root elongation with an obvious concentration dependant relationship. This kind of phenotype is well known and attributed to the class of hormone herbicide symptoms. Together with the consideration of similar active substructures involved in both 4H-3,1-benzoxazin-4-ones and phenoxymethyl carboxylate herbicides, there is no wonder that all of the synthesized compounds may be regarded to target a similar site as does the well known herbicide 2,4-D.
Docking Study
The active substructure analysis and the inhibitory phenotype implicate that most of the title compounds could be attributed to the class of hormone type inhibitors. 2,4-D is a typical hormone type inhibitor and its action site is the auxinic receptor TIR1, which has been well documented in recent years [14] . The synthesized compounds in this work may attack this protein target like 2,4-D according to the above analyses based on the active substructures and the herbicidal phenotype. Thus a molcular docking study was performed by docking of several representative compounds into the active site of the plant hormone receptor TIR1, using the autodock software Vina according to the introduction of the docking software designer Dr. Oleg Trott in the Molecular Graphics Lab at the Scripps Research Institute [15] . The visualization and comparison of the docking results were realized using the tool MGLTools 1.5.4.
The complex crystal structures of the auxinic receptor TIR1 with small molecule agonists and antagonists have been reported, including 2,4-D and naphthalen-1-yl acetic acid (NAA) [16] , as well as α-alkyl indole-3-acetic acids [17] . X-ray crystallography shows that these small molecules bind at the bottom of the TIR1 pocket with an unexpected co-factor inositol hexakisphosphate nearby the binding site, and above the binding small molecule is an Aux/IAA substrate peptide [16, 17] . Therefore, in our docking experiments, the complex crystal data of TIR1/NAA (PDB ID: 2P1O) was chosen and the receptor file was prepared by extracting all water molecules and the bound ligand NAA from the crystal data. The ligand files of the selected compounds were prepared using the conformational energy minimization. The compiled config file was executed in Vina and the docked conformation with the lowest binding energy was chosen for the comparison. In order to validate the credibility of the docking procedure, NAA was docked and superimposed with its crystal conformation in the binding site of TIR1 receptor (Figure 2 ). It reveals both of the conformations overlap fairly well, especially for the portion of naphthalenyl moiety in the molecule, demonstrating the acceptable accuracy by using the docking parameters in Vina software. The selected representative compounds 3o and 4i were docked into the active site of the above prepared receptor using the same procedure mentioned, and the stacked conformations in the active site are shown in Figure 3 . The compounds (3o: Atomic color; 4i: Grey color) are well resided in the active site using the conformation of NAA (blue color) from the crystal structure of TIR1/NAA as the indicator. The Aux/IAA substrate peptide in line formula is also shown above the docked molecules. The 4H-3,1-benzoxazin-4-one moiety from 3o and 3H-quinazolin-4-one from 4i stack very well with the naphthalene ring from NAA, meaning the full occupation of the active site space. On the other hand, the 2,4-dichlorophenoxy moiety from 3o and 4i directs away from the active site, a common orientation observed for the alkyl group in the complexes of TIR1/α-alkyl indole-3-acetic acids [17] . The predicted binding affinities for 3o and 4i to the receptor are −9.6 and −8.6 kcal/mol, respectively. The tendency of the predicted binding affinities is consistent with inhibitory efficacies of 3o and 4i against the rape root growth, which are 10.37 and 20.23 nM, respectively, in IC 50 measurements. The difference between the binding affinity and inhibitory efficacy may come from the disturbances of ring electron density and steric hindrance of the substituent on the ring member nitrogen of 3H-quinazolin-4-one. On the other hand, the predicted binding energy for 2,4-D is only −6.8 nM, whereas its inhibitory efficacy IC 50 reaches down to 6.06 nM. The higher binding affinity but lower IC 50 value for 2,4-D as compared with 3o or 4i reflects that other factors such as absorption, transportation, etc., may deteriorate the inhibitory efficacies of 3o or 4i. Thus, further future structural optimization of 2-phenoxy-4H-3,1-benzoxazin-4-ones and 2-phenoxy-3H-quinazolin-4-ones should be focused on improving their absorption and transportation by target plants functions.
Experimental
General
All solvents were redistilled before use. Melting points were taken on a Buchi B-545 melting point apparatus and the temperatures are uncorrected. C-NMR spectra were recorded on a Mercury-Plus 400 or Mercury-Plus 600 spectrometer in CDCl 3 using TMS as an internal reference. IR spectra were recorded on a Nicolet 360 infrared spectrometer as KBr pellets with absorption in cm −1 . MS were measured on a Finnigan Trace MS spectrometer, at 70 eV. Unless otherwise noted, all starting materials are commercially available and were used directly without further purification.
Synthesis
Step 1. Synthesis of phenoxyacetic chlorides. Phenoxyacetic chlorides were synthesized according to the reported method [18] . Briefly, the mixture of phenoxyacetic acid (10 mmol) and thionyl chloride (6-10 mL) was reacted for 3 h under reflux until no further gaseous HCl was released. Excess thionyl chloride was distilled off under reduced pressure, giving the corresponding phenoxyacetic chlorides (~98% yield) as brown oils. The phenoxyacetic chlorides were used in the next step without further purification.
Step 2. General synthesis of 2-phenoxymethyl-4H-3,1-benzoxazin-4-ones 3a-w. In a 250-mL flask, anthranilic acid (10 mmol) and anhydrous potassium carbonate (20 mmol) were mixed in dry CH 2 Cl 2 (100 mL) under stirring in an ice bath, then phenoxyacetic chloride (15 mmol) in CH 2 Cl 2 (10 mL) was added dropwise. After the addition, the solution was stirred for 2 h at room temperature. The mixture was filtered and washed with CH 2 Cl 2 . The filtrate was washed with saturated brine and the organic layer was dried with sodium sulfate. After evaporating the solvent the residue was chromatographed on silica gel using the mixed solvents of ether/petroleum ether (volumetric ratio: 1:9). Molecular structures, melting points and yields are summarized in Table 4 . Chloro-2-(phenoxymethyl)-4H-3,1-benzoxazin-4-one (3b) . Chloro-2-((4-chlorophenoxy)methyl)-4H-3,1-benzoxazin-4-one (3j) . [3, 1] oxazin-4-one (3n). Chloro-2-((2,4-dichlorophenoxy)methyl)-4H-3,1-benzoxazin-4-one (3p) . Fluorophenoxy)methyl)-6,7-dimethoxy-4H-3,1-benzoxazin-4-one (3w) . Step 3. Synthesis of 2-phenoxymethyl-3H-quinazolin-4-ones 4a-s. 2-phenoxymethyl-3H-quinazolin-4-ones 4a-s were synthesized according to the reported method [19] . Briefly, 2-phenoxyacetic-4H-3.1-benzoxazin-4-one (5 mmol) was heated with hydrazine hydrate (80% aqueous solution, 10 mL) or methylamine (33% methanol solution, 10 mL) in ethanol (5 mL) under reflux for 3 h. The clear and hot solution was filtered and then cooled down to room temperature. Crystals appeared and were collected to obtain the desired product with high purity. Molecular structures, melting points and yields are summarized in Table 5 . executed in Vina and the docking conformation with the lowest binding energy was chosen for the comparison. Docking was performed using the default docking parameters in Vina software following the introduction of the designer Dr. Oleg Trott in the Molecular Graphics Lab at the Scripps Research Institute [15] . The visualization and comparison of the docking results were realized using the tool MGLTools 1.5.4. In order to validate the credibility of the docking procedure, NAA was also docked and superimposed with its crystal conformation in the binding site of TIR1 receptor.
5-
6-Chloro-2-(phenoxymethyl)-4H-3,1-benzoxazin-4-one (3c).
7-Chloro-2-(phenoxymethyl)-4H-3,1-benzoxazin-4-one (3d).
6-Methyl-2-(phenoxymethyl)-4H-3,1-benzoxazin-4-one (3e).
6,7-Dimethoxy-2-(phenoxymethyl)-4H-3,1-benzoxazin-4-one (3f).
2-((4-Chlorophenoxy)methyl)-4H-3,1-benzoxazin-4-one (3g).
5-Chloro-2-((4-chlorophenoxy)methyl)-4H-3,1-benzoxazin-4-one (3h).
6-Chloro-2-((4-chlorophenoxy)methyl)-4H-3,1-benzoxazin-4-one (3i).
7-
2-((4-Chlorophenoxy)methyl)-6-methyl-4H-3,1-benzoxazin-4-one (3k).
2-((4-Chlorophenoxy)methyl)-6,7-dimethoxy-4H-3,1-benzoxazin-4-one (3l).
2-((2,4-Dichlorophenoxy)methyl)-4H-3,1-benzoxazin-4-one (3m).
5-Chloro-2-((2,4-dichlorophenoxy)methyl)-4H-benzo
6-Chloro-2-((2,4-dichlorophenoxy)methyl)-4H-3,1-benzoxazin-4-one (3o).
7-
2-((2,4-Dichlorophenoxy)methyl)-6,7-dimethoxy-4H-3,1-benzoxazin-4-one (3q
2-((4-Fluorophenoxy)methyl)-4H-3,1-benzoxazin-4-one (3r).
6-Chloro-2-((4-fluorophenoxy)methyl)-4H-3,1-benzoxazin-4-one (3t).
2-((4-Fluorophenoxy)methyl)-6-methyl-4H-3,1-benzoxazin-4-one (3v).
2-((4-
3-Amino-6-chloro-2-((4-chlorophenoxy)methyl)-3H-quinazolin-4-one (4b).
3-Amino-7-chloro-2-((4-chlorophenoxy)methyl)-3H-quinazolin-4-one (4c).
3-Amino-2-((4-chlorophenoxy)methyl)-6-methyl-3H-quinazolin-4-one (4d).
3-Amino-2-((4-chlorophenoxy)methyl)-6,7-dimethoxy-3H-quinazolin-4-one (4e).
3-Amino-2-((2,4-dichlorophenoxy)methyl)-3H-quinazolin-4-one (4f).
3-Amino-5-chloro-2-((2,4-dichlorophenoxy)methyl)-3H-quinazolin-4-one (4g).
3-Amino-6-chloro-2-((2,4-dichlorophenoxy)methyl)-3H-quinazolin-4-one (4h).
Conclusions
In summary, we have developed a facile and convenient strategy for the synthesis of series of novel 4H-3,1-benzoxazin-4-ones and 3H-benzoquinazolin-4-ones with (un)substituted phenoxymethyl moieties in good to excellent yields by simply using the one-pot N-acylation/ring closure reaction of anthranilic acids and 2-phenoxyacetyl chlorides and subsequent substitution with amino derivatives. The herbicidal tests showed that most of the target compounds had high herbicidal activities against the root growth of dicotyledonous rape, and the preliminary structure-activity relationships of these new compounds are discussed. The active substructure analysis of the title compounds and the typical inhibitory phenotype of hormone herbicides implicate their target protein is the auxin receptor TIR1. Molecular docking experiments showed that the selected compounds 3o and 4i can be fitted well in the active site with relatively more negative affinities than the typical hormone herbicide 2,4-D, although their inhibitory efficacies are less than 2,4-D. Further investigation on the structural optimization of these compounds for improving the herbicidal activity and the in vitro activity measurement against the native TIR1 are possible, and is in progress in this laboratory.
